Stellerite (a natural zeolite) was used as substrate for titanium dioxide deposition. Stellerite was treated at 363 K with hydrochloric acid solutions of different concentrations (0.2-1.0 mol L −1 ) for 4 hours. The resulting composite samples were characterized by scanning electron microscopy (SEM), energy dispersive X-ray (EDX), Fourier transform infrared spectroscopy (FT-IR), BET surface area analysis and X-ray diffraction (XRD). The hydrochloric acid treatment caused the creation of micropores with 1 nm diameter. The result illustrates that stellerite possesses strongly acid-resistant property in hydrochloric acid solutions with a concentration no higher than 0.4 mol L . The recycling of the TiO 2 /stellerite photocatalyst was also investigated, and the methyl orange degradation rate was 75.0% of the initial rate after four cycles.
Introduction
In recent years, heterogeneous catalysis based on TiO 2 has become one of the most common methods for the degradation of undesirable contaminants present in wastewater. [1] [2] [3] Adsorbent compounds incorporated in TiO 2 increase the photocatalytic activity by collecting pollutants onto the surface of the photocatalyst from the solution. Currently most of the studies are focused on the immobilization of TiO 2 on supports, including NiO, 4) polymers, 5) stainless steel, 6) reduced graphene oxide, 7) zeolites, 8) etc. Among the above materials, zeolites are considered to be important TiO 2 supports, owing to their large surface area, high thermal stability and eco-friendly nature. TiO 2 supported on zeolite integrates the adsorption properties of zeolite with the photocatalytic activity of TiO 2 together; this induces a synergistic effect which results in the enhancement of photocatalytic ef ciency. 9) In previous studies, many synthetic zeolites such as ZSM-5, H beta, MCM-41 zeolites have been reported. [10] [11] [12] There are, however, less studies on natural zeolite, despite its low cost and abundant storage.
Stellerite is a species of stilbite, and belongs to the orthorhombic system. It has the following chemical formula: (K 0.017 Na 0.042 Ca 1.13 ) 1.189 [Al 1.997 Si 7.05 O 18 ]·6.75H 2 O. The topological symmetry of stellerite is Fmmm. Linchuan Mine at Guilin County of Guangxi Province in China has a deposit of over 100 million tons at a mineral content of 85%, its main mineral being stellerite. However, the adsorption ability of stellerite for pollutants is very limited, because the channels and cavities of the zeolite structure are blocked. Many attempts have been made to improve the absorption, the exchange capacities, the pollution treatment effectiveness of stellerite; several methods were used, including ion exchange, organic and calcination modi cation. 13) Among them, the ion exchange modi cation method became the most common due to its convenient operation and environmental friendliness.
In this study, we present the photocatalytic decomposition of methyl orange (MO) by a TiO 2 composite nanophotocatalyst prepared by dispersing TiO 2 on the surface of hydrochloric acid-treated stellerite. The microstructure, crystal phase, morphology, BET surface area and photocalytic activity of the prepared photocatalyst were investigated.
Experimental Procedure

Treatment of stellerite
Stellerite was obtained from Jinshansida Co. Ltd. (Guilin, China). The stellerite was washed repeatedly with distilled water in order to remove some impurity ions, then was dehydrated in an oven box at 373 K for 12 h.
7.5 g of stellerite were placed in a round ask containing 75 ml different concentrations of hydrochloric acid solution. The reaction was conducted at 363 K for 4 h under stirring. The solid-liquid mixture was ltrated afterwards, and the stellerite was cleaned with distilled water. A silver nitrate test was performed to make sure that no residual chlorine was left in the stellerite. After grinding, the stellerite was calcined at 373 K for 12 h. These stellerite samples were denoted as nHMS, where n is the concentration of hydrochloric acid.
Scanning electron microscopy (SEM) analysis
Morphologies of the fracture surfaces were examined with a scanning electron microscope (SEM S3700, Hitachi, Japan) operating at an accelerating voltage of 10 kV. Before observation, the samples were coated with gold using a vacuum sput-ter-coater.
Fourier transform infrared spectroscopy analysis
Fourier transform infrared spectroscopy analysis (FTIR) of the samples was carried out in transmission mode using macro techniques ( ; number of scans: 32.
Zeta potential analysis
The zeta potential of the samples was measured using Malvern Zetasizer 3000.
Acidity distribution analysis
The acidity distribution of the samples was measured using an AutoChemII 2920 (Micromeritics Co., USA).
Nitrogen adsorption-desorption analysis
The measurement was carried out with an ASAP 2020 volumetric adsorption analyser (Micromeritics Co., USA). N 2 was used as the adsorbate, and adsorption-desorption of high-purity N 2 was determined at 77 K with a liquid nitrogen trap, using a static volumetric method. The pore size distribution was obtained using the Barrett-Joyner-Halenda method, and the surface area was calculated by Brunauer-Emmett-Teller method.
X-ray diffraction analysis
The X-ray powder diffraction patterns of the samples were recorded on Bruker D8 Advance X-ray diffractometer (step size 0.02 , 17.7 s per step). A generator with 40 kV and current of 40 mA was employed as a source for CuKα radiation.
Preparation of photocatalyst
TiO 2 loaded on stellerite was prepared by sol-gel process. The precursor solution consisted of tetra-n-butyl titanate, pure ethanol and nitric acid. The nitric acid was used as a catalyst to control the hydrolysis process.
The detailed steps are as follows: a given amount of tetrabutyl titanate was dissolved in pure ethanol with a volume ratio of 1:4 of tetrabutyl titanate to ethanol, and then nitric acid solution was added dropwise into the solution to readjust the pH value to 4. After stirring for 20 min, a weighed amount of natural stellerite or modi ed stellerite was added, the ratio of TiO 2 : stellerite was 28:100. After stirring for 10 min, weighed amount of distilled water was added, the volume ratio of distilled water: nitric acid was 1:1. After stirring for 15 min, a weak grey sol was obtained, which was then dried at 373 K for 24 h and at 473 K for 4 h, and nally ground to a ne powder in an agate mortar. Samples prepared by this procedure were denoted as TiO 2 /stellerite or nTiO 2 /HMS, where n was the concentration of hydrochloric acid in the stellerite modi ed treatment.
Photocatalyst activity
The effect of stellerite modi cation on the photocatalytic activity of TiO 2 / stellerite photocatalyst was investigated using methyl orange (MO) as the target compound. A total amount of 0.8 g of photocatalyst was suspended in a 400 mL of 15 mg L −1 MO solution. The suspension was stirred magnetically for 30 min to reach adsorption equilibrium. The photocatalytic reactions were carried out in a quartz tube irradiated by a 365 nm UV light (light irradiation of 2200 μW/ cm 2 ). The suspensions were withdrawn at intervals, centrifuged at 14,000 rpm for 10 min; the residual concentration of MO in solution was determined with a UV-Vis sepectrophotometer (DR5000, HACH, USA) at 460 nm. The removal rate of MO was calculated by eq. (1):
Where C 0 and A 0 are the initial concentration and absorbance of MO solution; C and A are the concentration and absorbance of MO solution after a certain time. Control experiments (direct photolysis) were also carried out without the addition of photocatalyst.
All experiments were run in triplicate with the relative standard deviation (RSD) of about 5%. Figure 1 presents images of the surface morphology of natural and modi ed stellerites. It was found that natural stellerite has a clear layer shape structure. Treatment with hydrochloric acid led to the formation of cracks on its surface, which were deeper for increasing acid concentration. For instance, using 0.6 mol L −1 acid, wider cracks could be observed.
Results and Discussions
Characterization of the photocatalyst
Si/Al atomic ratio
The in uence on the Si/Al atomic ratios of stellerites with different concentrations of hydrochloric acid solution is shown in Fig. 2 . It can be seen that the Si/Al atomic ratio in- creased with increasing hydrochloric acid concentration, reaching the value of 13.86 when 1.0 mol L −1 hydrochloric acid was used. This indicates that hydrochloric acid has a strong de-alumination power correlated with the occurrence of hydroxy nest.
14) The de-alumination reaction can be represented as Fig. 3. 
FTIR spectra analysis
The FTIR spectra of natural and modi ed stellerite samples are presented in Fig. 4 . The bands at 3480 and 1642 cm , the band near 556 cm −1 disappeared; this corresponded to a partial structural breakdown, accompanied by the process of de-alumination.
Zeta potential analysis
The surface zeta potential measurement is very important for photocatalytic reaction. In this study, the surface zeta potential of various samples were determined as shown in Fig. 5 . The zeta potential of natural stellerite was −32.1 mV. After treatment with hydrochloric acid, the zeta potential of modied stellerite decreased with the increase of concentration of hydrochloric acid. This is because part of cations were substituted by H + ; hence, the adsorptivities for the adsorption of cation contaminants were also enhanced.
Acidity distribution analysis
As shown in Fig. 6 , weak and strong acid site absorption peaks were tested at 500 K and 640 K accordingly. The results show that acidity (in particular, the amount of weak acid) of hydrochloric acid treated stellerite decreased due to the de-alumination effect. Table 1 presents the porosity parameters for the various samples. The S BET value for natural stellerite is 2.2 m 2 /g; the sample treated with 1.0 mol L −1 hydrochloric acid, on the other hand, has a S BET value of 133.3 m 2 /g (its V BET value grew by 11.5 times). Besides, the D BET and V BJH values of the hydrochloric acid treated samples are also signi cantly smaller in comparison with the natural stellerite; this indicates the creation of microporous structure. This result is consistent with Fig. 1 . The adsorption-desorption isotherms for natural and hydrochloric acid treated stellerite are shown in Fig. 7. Figure 7(a) shows that low-temperature nitrogen adsorption on the raw stellerite is expressed by a type IV isotherm, with the hysteresis loop of the type H3. This indicates the existence of numerous slits. In comparison, the nitrogen adsorptions on the hydrochloric acid modi ed stellerites are expressed by a type I isotherm, with a wide hysteresis loop which does not close at relatively low pressure. The clear increase of the micropore volumes of the hydrochloric acid treated stellerite are caused by the unblocking of the channels of framework structure of stellerite; this took place through de-alumination due to the acid modi cation.
Structural analysis
The corresponding relation between pore volume and pore width of natural and hydrochloric acid treated stellerite are shown in Fig. 8 . The materials present mesopore and macropore (dimensions between 25-74 nm and 117-186 nm) in natural stellerite play an important role in the increasing of pore volume. Massive micropores (estimated to be 1 nm in diameter) were brought out even in low concentration of hydrochloric acid. In Fig. 9 , it was found that surface area of hydrochloric acid treated stellerite increased with the increase in the concentration of hydrochloric acid, and it is also linked to the formation of numerous micropores.
X-ray diffraction analysis
In Fig. 10 , the XRD patterns of the samples are reported. For hydrochloric acid concentration equal to and higher than 0.6 mol L −1 , the stellerite peak (d 020 ) at 2θ = 9.759 was still present but its relative intensity to quartz peak (d 101 ) at 2θ = 26.673 was very weak. All the characteristic XRD peaks of anatase were observed (2θ = 25.352 , 37.784 , 48.072 , 53.928 and 55.115 ) for TiO 2 supported on hydrochloric acid treated stellerite; they can be assigned as (101), (004), (200), (105) and (221). No signi cant rutile peak was found, show- ing that rutile phase did not form on the surface of stellerite.
Photocatalytic activity
The adsorption of methyl orange on the photocatalyst is shown in Fig. 11 . It can be seen that with the increase of hydrochloric acid, the adsorbing content increased. This is consistent with the higher surface area of the photocatalyst illustrated in Table 1 . Figure 12 shows the relationship between methyl orange degradation and irradiation time for different TiO 2 loaded samples at 2 g l −1 of photocatalyst. Photocatalytic activity of natural stellerite was also studied as comparison. It was found that natural stellerite has no photocatalytic activity on methyl orange degradation under UV irradiation. After 60 min of irradiation, MO degradation rates were 48.85% (control), 54.19% (0.2TiO 2 /HMS), 60.49% (0.4TiO 2 /HMS), 59.92% (0.6TiO 2 /HMS), 59.15% (0.8TiO 2 /HMS) and 53.01% (1.0TiO 2 / HMS). The results show that photocatalytic activity of TiO 2 is improved by hydrochloric acid treatment, achieving its maximum when hydrochloric acid concentration below 0.4 mol L −1
. Though hydrochloric acid treated stellerite showed increased surface area because of the generation of numerous micropores, too strong adsorption on the strong acid sites is unfavorable possibly for two reasons: 1) poor migration of the adsorbed methyl orange molecules and intermediates on the surface of photocatalyst (Fig. 13) , 2) ineffective activation of TiO 2 due to the blockage of UV light by large molecules. 16, 17) The recycling performance of a photocatalyst is an import- ant parameter to evaluate its practical use; the recycling of 0.4TiO 2 /HMS was performed as shown in Fig. 14 . The photocatalysts were recycled after ltration, washing and heating treatment at 373 K for 12 h then 473 K for 2 h. After 4 cycles, the reaction rate constant decreased from 0.0136 min −1 to 0.0102 min −1 , maintaining 75.0% of the initial capacity. The possible reasons for the slight decrease of photocatalytic activity were due to TiO 2 loss from the surface of stellerite and the fouling of the photocatalyst by by-products during degradation.
Conclusion
TiO 2 was dispersed using the sol-gel method on the surfaces of a series of stellerite supports, treated by different concentrations of hydrochloric acid. The surface areas of stellerite increased with increasing hydrochloric acid concentration during treatment. Although adsorption is a prerequisite for photocatalytic degradation of the photocatalyst, too strong adsorption is detrimental for degradation. The photocatalytic activities of TiO 2 /HMS were better than that of TiO 2 /stellerite. The optimum concentration of hydrochloric acid was 0.4 mol L −1
. After 4 cycles, a reaction rate constant of 0.4TiO 2 /HMS photocatalyst maintained 75.0% of the initial capacity.
